ABSTRACT We consider a cluster-based collaborative spectrum sensing (CSS) scheme in energy harvesting cognitive wireless communication network (EH-CWCN), where cognitive nodes (CNs) are clustered based on their received power levels for enhancing sensing performance. In CSS scheme, time resource is limited and shared by energy harvesting, spectrum sensing, and data transmission. The purpose of this paper is to maximize the average throughput of EH-CWCN by identifying the optimal parameter set, including the durations of energy harvesting and spectrum sensing, local detection threshold, and the number of CNs. Moreover, it is hard to confirm the optimal local detection threshold at CNs with different received power levels. By constructing a fictitious cognitive node (FCN), which is assumed to have the same sensing performance as the sink node, the process for finding the optimal local detection threshold can be converted into the process for searching the optimal received signal-to-noise ratio of the FCN. Then, we formulate the general optimization problem under the collision constraint and energy constraint. Then, the existence and uniqueness of time fractions for energy harvesting and spectrum sensing are proved in this paper. The optimal parameter set is achieved by using the bisection method and a simplified linear search method. Finally, the theoretical analysis and the impact of the optimized parameters on the system performance are verified and shown through numerical simulations. 
I. INTRODUCTION
The ability to harvest energy [1] - [3] from ambient sources (i.e., thermal, vibration, solar, acoustic, wind, or radio frequency energy) has attracted considerable attention in future energy-efficient wireless communication networks. Meantime, one of important characteristics of the CWCN is the spectrum sensing performed by CNs, which are permitted to access the idle licensed frequency bands without causing any harmful interference to primary users (PUs) within a periodic time-frame. So, EH-CWCN becomes a promising paradigm for the future wireless networks which use battery-operated terminals, e.g., wireless sensor networks (WSNs) [4] - [8] and cognitive radio networks (CRNs) [9] . Recently, energyefficient spectrum sensing is one of the grand challenges in the development of EH-CWCN. And EH-CWCN also becomes an efficient way to address the issues both in spectrum efficiency and in energy efficiency. Because of the deep fading and shadowing effect, CSS [10] - [13] is often used to enhance sensing performance for CWCN at cost of comprising in overhead traffic, energy consumption and complexity. And the energy constraint and collision constraint are the major factors to be considered in the process of designing the scheme for energy-efficient CSS. The collision constraint states the minimum requirement for the detection probability of CSS and the energy constraint indicates the relationship between the harvested energy and consumed energy.
To guarantee a sufficient protection for PUs, CNs need to periodically sense the status of PUs in a fixed time-frame, which is limited and shared by energy harvesting, spectrum sensing and data transmission. So, the harvesting duration, the sensing duration, transmission power, detection threshold and the number of CNs are very important parameters which strongly affect the performance of EH-CWCN. The system performance of an energy harvesting CRN has been investigated in [14] - [17] . Gao et al. [18] proposed a cooperative mechanism based on that the secondary users (SUs) harvested energy from both ambient signals and PU's transmitted signals. Under the constraints on data rate and energy harvesting save ratios of secondary users (SUs), the authors have focused on optimizing time duration for data transmission to maximize throughput of PUs. Bhowmick et al. [4] analyzed an CRN with energy harvesting and derived an optimal sensing time to maximize the harvested energy based on the collision constraint. Pratibha et al. [19] proposed a centralized CSS for an energy-harvesting CRN and determined a dynamic sensing access policy to maximize the expected throughput under the collision constraint and energy constraint. And the finite-horizon partially observable Markov decision process (POMDP) was employed to make a decision about the optimal policy. Park and Hong [20] also considered an energy harvesting spectrum access scheme for CRN, which was divided into a spectrum-limited regime and an energy-limited regime based on the detection threshold. Then the optimization problem was formulated as a finite-horizon partially POMDP. They finally derived the optimal detection threshold and spectrum sensing policy to maximize expected throughput under the energy constraint and collision constraint. Wei et al. [21] have investigated the tradeoff between energy harvesting, spectrum sensing and data transmission, and focused on maximizing the SU's expected achievable throughput based on that results of spectrum sensing were accurate and would not incur any false-alarms or missdetections. Then the authors formulated the optimization problem as a mixed-integer non-linear programming one and derived the optimal save ratio and number of sensed channels. Bae and Baek [22] presented a two-step opportunistic spectrum access policy for CRN with energy harvesting and investigated the impact of sensing probability, access probability, and energy queue capacity on the maximum achievable throughput. And the optimal sensing probability was derived as a function of network parameters, including the energy arrival rate, channel availability probability, and number of contending SUs. Zhai et al. [23] also studied a CSS for CRN with energy harvesting and formulated the optimization problem to maximize the area throughput of CRN under the performance constraint of primary network. The stochastic geometry theory was used to analyze system performance and an efficient algorithm was proposed to allocate the bandwidth and time resources for facilitating both the energy harvesting and data transmission.
However, many research works addressed the optimal spectrum sensing policy for EH-CWCN under ideal conditions, such as all CNs had the same received power levels or it would not incur any false-alarms or miss-detections of spectrum sensing. Besides, the formulated optimal sensing policies only involved less parameters and it hard to clarify the relationship between sensing parameters and system performance in-depth. With these in mind, we consider the cluster-based CSS scheme in EH-CWCN, where some CNs are selected to report their sensing results according to the received varied power levels. The goal of this paper is to maximize the achievable throughput of CWCN by allocating the time resources among the energy harvesting, spectrum sensing and data transmission, and jointly designing the local detection threshold and the number of clustered CNs. The main contributions of our work are summarized as follows.
• Based on the proposed frame structure for CSS in EH-CWCN, we design two time fractions for energy harvesting and spectrum sensing toward maximizing the achievable throughput of EH-CWCN under a given local detection threshold λ and the number of clustered CNs n. We firstly prove the existence and uniqueness of the two time fractions under the energy constraint and collision constraint. The two optimal time fractions are achieved by using the bisection method.
• However, acquiring an optimal λ from the optimization problem is a difficult task if the CNs have the varied received power levels. Hence, we construct a FCN which is assumed to have the same detection performance as the SN. Then the process for finding the optimal local detection threshold can be converted into the process for searching the optimal received SNR of the FCN. Furthermore, the n is a discrete parameter that creates the tradeoff between sensing performance and allocated time resource. Then, the linear search algorithm is employed to find the optimal n and λ.
• Our simulation results demonstrate the impact of the two time fractions, n and λ on the achievable throughput of EH-CWCN. In order to show the validity of our theoretical analysis, the exhaustive method is employed to acquire the simulation solution which perfectly matches with the theoretical solution. Specially, the optimized sensing parameters are jointly intertwined with each other. So, we classify the relationship among those sensing parameters through the simulation results. This paper is organized as follows: Section II introduces the system model. Problem formulation is presented in Section III. Solutions of the proposed algorithm are provide in section IV. Simulation results are presented and discussed in Section V, while conclusions are provided in Section VI.
II. SYSTEM MODEL
Considering a EH-CWCN comprised of N CNs, a SN and the primary network with a licensed frequency band, the CNs opportunistically access to the licensed frequency band. Denote π 0 to be the probability that the licensed frequency band is idle and π 1 to be probability that the licensed frequency band is occupied by PU. And π 0 + π 1 = 1, π 0 and π 1 are known to CNs according to the long-term measurements. The CNs are assumed to operate in a time-slotted fashion as shown in Fig. 1 . A time-slotted duration T is divided into four parts, including harvesting duration, sensing duration, exchanging duration and transmission duration. The time fraction for energy harvesting (referred as the ratio of harvesting duration to T − T e , denoted by α) is devoted to harvest energy, the time fraction for spectrum sensing (referred as the ratio of sensing duration to T − T e , denoted by β) is employed to sense the existence of the PUs, the residual time interval (1 − α − β) (T − T e ) is dedicated to transmit data. Where, the exchanging duration T e consists of two parts: T c and T r . T c is a fixed duration in which each CN sends the received SNR to SN and the clustering result is broadcasted to all CNs by the SN subsequently. T r is a variable duration, which is used to report sensing results by CNs and broadcast the decision result to all CNs by SN, depends on the number of clustered CNs. And the broadcasting duration is very short compared with the duration of time slot T r . And T r = nt r , where n (1 ≤ n ≤ N ) is the number of the clustered CNs and t r is the reporting duration of each CN. The average rate of energy harvesting e H and the average energy consumed rate of sensing e S both remain unchanged at a specific time and/or in a specific area. Besides, each CN is assumed to have enough data to be transmitted during the transmission duration and the battery capacity of CNs will be empty at the end of each time-slot. Besides, the total energy consumption of the CN should not exceed the total harvested energy, that is α (T − T e ) e H ≥ β (T − T e ) e S + E r + E c , E r and E c are the average energy consumed by CN in reporting and clustering respectively.
If the sampling frequency is f s and an energy detector is adopted by each CN that calculates the energy measurement over the sensing duration. The PU's transmitted signal is assumed to be an independent and identically distributed (iid) random process with zero mean and variance σ 2
x . The noise is assumed to be a real-valued Gaussian variable with zero mean and variance σ 2 n . The received signal power of the i-th
, and h i is the i-th CN channel gain from primary transmitter to cognitive receiver. Then the received SNR at i-th CN's transmitter can be expressed as γ i = σ 2
x,i /σ 2 n . Then, the probability of detection P d,i and the probability of false alarm P f ,i at the i-th CN are given by
where, λ denotes the local detection threshold,
Because of the homogeneity of the CNs, for ease of presentation, all CNs can be rationally assumed to have the same background noise when they work in the similar environment, that is P fs = P f ,1 = · · · P f ,N . The CNs send their decisions to the SN, which makes the final decision on the status of PUs according to OR fusion. Then, the probability of false alarm P f and probability of detection P d for CSS in EH-CWCN are given by
Thus, the miss detection probability (MDP) and false alarm probability (FAP) are 1 − P d and 1 − P f respectively. In data transmission stage, during the interval (1 − α − β) T d , the residual energy αT d e H − βT d e S − E r − E c is dedicated to transmit data. Moreover, the α is the parameter that creates a tradeoff between the harvested energy and the residual transmitted power, the β represents a tradeoff between the sensing duration and the transmission duration under a given α. And the variation in n also affects the tradeoff between the exchanging duration and the available duration. Based on the analysis of the relationship among those parameters, the system performance is optimized and the optimal parameter set is given. So, the goal of this paper is to design α, β, λ and n together with an eye toward maximizing the achievable throughput of the EH-CWCN under the collision constraint and energy constraint.
III. PROBLEM FORMULATION
According to the [24] , we know that the achievable throughput comprises two parts: C 0 and C 1 . Where C 0 denotes the throughput of the CN when it operates in the absence of the PUs and C 1 denotes the throughput of the CN when it operates in the presence of the PUs. With the deeper analysis in [24] , C 0 > C 1 and C 0 dominates the achievable throughput. So, in this paper, we will only take C 0 into account rationally. If no false alarm is generated by CN over sensing duration, C 0 is given by
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where, h cs is the channel gain from CN's transmitter to CN's receiver, for simple analyticity, h cs gets the value 1. If the false alarm probability and the active probability of PU will be taken into account in the process of acquiring the achievable throughput. Then, the achievable throughput R a of the CN in each time-slot is given by
The optimization problem for finding the optimal sensing parameter set that maximizes the achievable throughput of EH-CWCN under the energy constraint and collision constraint can be expressed as follows:
where, P d is the target detection probability.
IV. SOLUTIONS OF THE FORMULATED PROBLEMS
Without of generality, we denote the received SNR at each CN's transmitter that satisfies the condition as γ 1 ≤ γ 2 ≤ · · · ≤ γ n . Then we can easily get the following inequality
And it is easily derived that SN outperforms the single CN in detection performance. Although we can get the expression of the detection probability, it is still hard to confirm the local threshold in the process of analyzing the system performance. By constructing a FCN which has the same sensing performance as the SN, we denote the received SNR of FCN to be γ f , which is certainly no less than γ n . Then the detection performance of the FCN is used to derive the optimal local threshold. And P f d is assumed to be the detection probability of FCN. Choosing the P f d =P d , the detection threshold of FCN can be expressed by
where, σ 2 x,f is the received signal power of FCN, Q −1 (•) is the inverse function of Q-function. Then, the false alarm probability of the CNs can be expressed as
Then the process for finding the optimal local detection threshold can be converted into the process for searching the optimal received SNR of the FCN. The optimal γ * f can be achieved through the linear search algorithm from the start point γ n . P fs is substituted into (6), then the optimization problem can be overwritten as follow
where
This optimization problem only has one nonlinear objective with some linear inequality constraints. Using Lagrange multipliers, we can transform the constrained optimization problem into unconstrained optimization problem as follows:
where µ 1 , µ 2 , µ 3 , µ 4 are non-negative Lagrange multipliers. Then the Karush− Kuhn−Tucker (KKT) conditions are found by taking the derivatives with respect to α and β as
And the complementary slackness conditions are given by
In EH-CWCN, e S β * T d + E r + E c − e H α * T d = 0 means that the harvested energy is completely consumed by spectrum sensing and data exchanging together, it will leave zero energy for data transmission. α * + β * − 1 = 0 indicates that the allocated time resource for data transmission is zero. α * = 0 means that the allocated time resource for harvesting energy is zero. β * = 0 means that the allocated time resource for spectrum sensing is zero. When any of the above four situations occur, EH-CWCN will not work properly. So, in this optimization problem, the optimal Lagrange multipliers µ * 1 , µ * 2 , µ * 3 , µ * 4 have to get zero. From C1 and C2 in (9), we can easily get the range of variable α and β, that is 0 < β < e H − p r − p c e H + e s e S β + p r + p c e H < α < 1 − β
The (15) imply the condition as e H − p r − p c > 0. Then we can get the following corollary.
Corollary 1: For any given n and γ f , there exists an unique optimal set (α * , β * ) that maximizes the achievable throughput R a , and α * , β * satisfy the following two equalities.
Proof: See Appendix. After getting the optimal α * and β * from (16), our next target is to find the optimal n * and γ * f . The optimal n * can be derived from the tradeoff between the exchanging duration and the available duration based on the received power levels at the CNs. Moreover, the optimal γ * f , which is chosen to satisfy the P f d =P d , is acquired by analyzing the tradeoff between the false alarm probability and detection probability of FCN. Because the P f d is the monotone increasing function with γ f , the bisection method or linear search method can be easily employed to find the optimal γ * f . Since n in the 
Compute R a according to the (5) end for Select the maximum value among N R a and acquire the corresponding n and γ * f ,α * ,β * . Output:n * ,γ * f ,α * ,β * EH-CWCN gets the distinct values 0, 1, · · · , N , there exists N pairs n, γ f , α, β that make the EH-CWCN obtain the local optimal solutions for the achievable throughput R a . Then, the maximum value among N R a is selected as the global optimal solution. We can summarize our proposed algorithm to find the optimal n, γ f , α, β as the Algorithm 1. After getting the γ * f from Algorithm 1, the optimal λ * f can be derived by
The above theoretical analysis is verified and shown through numerical simulations in this section. The simulation parameters are summarized in Table 1 . According to Algorithm 1, for any given n, there exists one optimal set γ * f , α * , β * that maximizes the achievable throughput of EH-CWCN under collision constraint and energy constraint. Fig. 2 illustrates the achievable throughput as a function of n. It can be shown that there exists an optimal n * such that the maximum achievable throughput can be acquired. As the n decreases, the local detection threshold decreases to satisfy the target detection probability, which causes the increasing of the false alarm probability at the same time. When the n continues to increase, more CNs participate in collaborative sensing and less time can be allocated to transmit data under the collision constraint. The false alarm probability dominates the achievable throughput when n is very small, and while the transmission duration dominating the achievable throughput when n is very large. Any of the above two situations will cause the decreasing of the achievable throughput. Fig. 3 and Fig. 4 show the optimal γ * f and λ * f as a function of n respectively. It can be observed that the two optimal parameters increase with n. The more CNs participate in collaborative sensing, the better the detection performance can be obtained by the SN or FCN. That will lead to the increasing of the optimal γ * f and λ * f . As previously discussed, n * = 3 makes the EH-CWCN achieve the maximum throughput and the corresponding optimal γ * f and λ * f are 0.1548, 1.0846 × 10 −6 respectively. Fig. 5 demonstrates the false alarm probability P f versus n. From the data given from the column chart in Fig. 5 , the false alarm probability P f decreases firstly and increases lately. Because the optimal λ * f almost increases with n, the increasing of the λ * f will offer the low P f when the n is very small. When the n continues to increase, the sensing duration will decrease quickly and dominate the false alarm probability. As a result, the false alarm probability increases due to the decreasing sensing duration when the n is high. Also, VOLUME 5, 2017 FIGURE 5. The false alarm probability P f versus n. when n * = 3 , the corresponding false alarm probability P f is 0.1077. Fig. 6 presents the optimal α * and β * versus the n. It can be observed that α * and β * are almost increase with n. The reason for this is that the available time T d will drop quickly with the increasing of n. So, the α * and β * need to be increased for satisfying the energy constraint and collision constraint respectively. Moreover, when n * = 3, α * = 0.1486 and β * = 0.2168. To provide a better understanding on how the local detection threshold λ affects the achievable throughput and the other sensing parameters, we present the normalized achievable throughput, the optimal α * and β * as a function of λ when n is fixed to 3. From Fig. 7 , it is clearly that the normalized achievable throughput will increase with the λ. When the local detection threshold λ is larger than 1.0846 × 10 −6 , the detection probability P d is less than the target detection probability P d . Moreover, with the increasing of λ, the optimal β * will drop quickly and the optimal α * does not vary very much. The reason is that the CNs need less sensing duration to sense the status of PUs and leave more time to harvest energy and transmit data with the increasing of λ. From (5), it is easily concluded that the transmission duration dominates the achievable throughput. So, CNs allow more time for data transmission while satisfying the basic energy constraint.
To demonstrate the accuracy of the optimal α * and β * derived in Section IV., we let α, β both vary in the range [0, 1] and compute the achievable throughput by formula (5) . If the e H αT d − e S βT d − E r − E c < 0 and 1 − α − β ≤ 0, the achievable throughput R a = 0. And the n is 9272 VOLUME 5, 2017 FIGURE 10. The optimal n versus γ .
fixed to 3 and the λ f is fixed to 1.0846 × 10 −6 . Then the normalized achievable throughput versus α and β will be shown in Fig. 8 . Through searching the maximum point of normalized throughput, we can get the simulation solution (0.1480,0.2170) for (α * , β * ), which perfectly matches with the theoretical solution (0.1486,0.2168).
Finally, we will illustrate how the received SNR affects the α * ,β * , achievable throughput and n respectively. All CNs are assumed to obtain the same received power levels and n is fixed to 20. Fig. 9 presents that the optimal α * , β * and the corresponding achievable throughput change with γ respectively. It can be observed that the β * will decease with γ and the α * does not vary with γ very much. Meantime, the achievable throughput will increase quickly with γ . When the γ increases, the CNs need less sensing duration to determine the status of PUs while keeping the high detection performance. Then it will leave more time for CN to transmit data, which leads to the increasing of achievable throughput. And the Fig. 10 shows the relationship between the optimal n * and the γ . We can make the conclusion that it will need less CNs to participate in collaborative sensing with the increasing of γ approximately.
VI. CONCLUSION
Designing a cluster-based CSS scheme in EH-CWCN, we formulate the optimization problem that maximizes the achievable throughput under energy constraint and collision constraint. We take the available time resources, the local detection threshold and the number of clustered CNs into account, which have not been fully studied in previous works. By constructing a FCN, we convert the process for finding the optimal local detection threshold into the process for searching the optimal received SNR of the FCN. Based on analysis of the optimization problem, we investigate how the sensing parameters affect with each other. We prove that there exists an optimal γ * f , α * and β * for a given n. Then an efficient algorithm is employed to find the optimal sensing parameter set for CSS in EH-CWCN. Simulations demonstrate the accuracy of the theoretical analysis and show the relationships among those sensing parameters.
APPENDIX PROOF OF COROLLARY 1
The proof of the Corollary 1 will be divided into two parts.
Part 1: The proof of the existence and uniqueness for β. (12) and (13), computing (12) − (13) (1−Q(a
, we can get the following equality only with respect to the variable β, that is
Computing
, we can derive the following expression
Substituting (19) into (18) and eliminating the like terms, we can obtain the following equality, which equals to ϕ (β). 
Because of a = γ f √ T d f s /2 > 0, ϕ 1 (β) increases with β and ϕ 2 (β) decreases with β. Next, we investigate the upper and lower values of ϕ 1 (β) and ϕ 2 (β) over the range 0 < β < e H −p r −p c e H +e s . It is derived that And
So, ϕ 1 (β) intersect ϕ 2 (β) only once, which is shown in Fig. 11 . We can make the conclusion that β has an unique optimal value over the range 0 < β < e H −p r −p c e H +e S and completely on the function ϕ (β). After getting the first order derivative of ϕ (β) versus β, the Newton iteration method is employed to find the optimal values β * .
Part 2: The proof of the existence and uniqueness for α. After getting the optimal value of β * , we substitute it into (10) and (19) , it is derived that
Let
Because of e S β * +p r +p c e H < α < 1 − β * , we can derive that
So the function φ (α) at least have one point which makes the φ (α) = 0.
Next, we will show the uniqueness of α. Let
We can get the first order derivative of φ 1 (α) and φ 2 (α) versus α.
It can be easily demonstrated that
And
Three cases should be considered when we analyze the relationship between φ 1 (α) and φ 2 (α) versus α. 1) e H > σ 2 n . In this case, 1 − e H σ 2 n < 0 and
dα < 0, φ 2 (α) decreases with α. Thus, φ 1 (β) intersects φ 2 (β) once, which is shown in Fig. 12(a) 
